Introduction {#ss1}
============

The PLATelet inhibition and patient Outcomes (PLATO) trial compared ticagrelor with contemporary regimens of clopidogrel in patients with acute coronary syndromes (ACS) and demonstrated superiority of ticagrelor in reduction of recurrent ischaemic events \[[@b1]\]. There was also an observed reduction in total mortality in the ticagrelor group compared to the clopidogrel group (4.5% vs. 5.9%; hazard ratio (HR) 0.78, 95% confidence intervals (CI) 0.69--0.89), including both a significant reduction in cardiovascular death (4.0% vs. 5.1%; HR 0.79, 95% CI 0.69--0.91), which included deaths of unknown cause, and a trend towards reduction in non-cardiovascular mortality (0.4% vs. 0.8%; HR 0.71, 95% CI 0.49--1.04) \[[@b1]\].

Ticagrelor is an oral, reversibly-binding platelet P2Y~12~ receptor inhibitor belonging to a novel chemical class that also inhibits adenosine reuptake \[[@b2]\]. This is in distinction to clopidogrel and other thienopyridines that are prodrugs acting through hepatic metabolites that bind irreversibly to the P2Y~12~ receptor and are not known to have any effect on adenosine metabolism. Ticagrelor yielded greater inhibition of platelet aggregation than clopidogrel in the PLATO study \[[@b3]\], which might at least partly explain its superiority in reducing the incidence of myocardial infarction and associated cardiovascular death. However, the extent of overall mortality reduction seen with ticagrelor in the PLATO study warrants scrutiny of other potential mechanisms. Platelets play a key role in the inflammatory response to vascular injury and also contribute to innate immune responses \[[@b4]\]. Since the platelet P2Y~12~ receptor markedly amplifies the release of pro-inflammatory chemokines from platelet granules, it has a dominant role in supporting platelet-mediated inflammation \[[@b5], [@b6]\]. Adenosine not only has an inhibitory effect on platelet responses but also has wide-ranging effects on other pathways involved in innate immunity and may have a protective effect against pulmonary injury \[[@b7]\]. In order to explore whether the mortality benefit of ticagrelor compared to clopidogrel in the PLATO study may be related to mechanisms in addition to more effective prevention of arterial thrombotic events, we therefore performed a *post hoc* analysis of adverse events (AEs) attributable to pulmonary infection and sepsis.

Higher levels of inflammatory markers such as neutrophil count, C-reactive protein (CRP) and interleukin-6 (IL-6) have been associated with adverse outcomes and mortality in previous studies of ACS patients \[[@b8]\]. We performed an analysis of serial blood leukocyte counts and inflammatory markers in patients participating in the PLATO study to assess their impact on clinical outcomes \[[@b12]\] and were able, in the current study, to assess any differences of ticagrelor compared to clopidogrel on leukocyte counts and acute and chronic inflammatory responses following acute coronary syndrome.

Methods {#ss2}
=======

Study design {#ss3}
------------

The study design and primary results of the PLATO study have been previously reported \[[@b1], [@b13]\]. Of 18 624 patients randomised to receive either ticagrelor or clopidogrel, 18 421 received at least one dose of study medication and were considered here in exploratory *post hoc* analyses looking for associations with mortality, including an analysis of the incidence of the following AEs reported by investigators prior to unblinding of the study: (1) any pulmonary AE, consisting of the Medical Dictionary for Regulatory Activities (MedDRA) preferred terms of "lower respiratory tract infection" (LRTI), "pneumonia," "lung infection," "respiratory failure" or the higher level group term of "pleural disorders"; and (2) any sepsis AE consisting of the MedDRA terms containing "sepsis," "septic" or "bacteraemia." Event rates were described both for events occurring at any time during the study and for events occurring not later than 7 days after last dose of study medication (defined as "on-treatment" in view of the timing of offset of the study drugs as well as incubation time for infections). The incidence of death following a pulmonary or sepsis AE was determined. In order to analyse the effects on mortality of continuing study medication after AE onset, sub-analysis was performed of deaths occurring after a dose of study medication had been taken on the third day after the onset of the pulmonary or sepsis AE and these deaths were defined as occurring with "continuing medication" (this analysis did not include deaths within 3 days of the AE onset since these could not meet this definition). Event rates were also investigated in the subgroups who did or did not have coronary-artery bypass graft (CABG) surgery during the study.

Haematology and biomarker substudy {#ss4}
----------------------------------

Full blood counts including differential leukocyte counts were performed on EDTA-anti-coagulated blood samples for all patients at randomisation and, in the subset of patients recruited in the early phase of the study (prior to review of the data by the Data Safety Monitoring Board and its decision that safety monitoring was no longer required), at 1, 3 and 6 months, at end of treatment and at 1 month after discontinuation of study medication by a central laboratory (Quintiles Laboratories). The lower limits of the normal laboratory ranges were 3.0 × 10^9^/l for total white cell counts and 1.5 × 10^9^/l for neutrophil counts. Investigators reported whether or not patients were planned for open-label clopidogrel at the end-of-treatment visit, allowing assessment of the impact of transition, or not, to open-label clopidogrel on inflammatory markers at 1 month after discontinuation of study medication.

All study sites were invited to participate in a biomarker substudy using a separate informed consent process, according to a protocol approved by the relevant ethics committees. At those sites accepting to participate, representing the majority of patients recruited to the PLATO study, blood samples were collected at randomisation prior to administration of study medication. A subset of patients participating in this blood core substudy had additional samples taken at hospital discharge with intended recruitment of 4000 patients at 1 month and 2000 patients at 6 month follow-up visits. Plasma was obtained from EDTA-anti-coagulated venous blood samples and stored initially at −20 °C prior to transfer to the Uppsala Clinical Research Center Biobank for storage at −80 °C prior to measurement of levels of (1) CRP using immunoturbidimetry with the CRP Vario kit (Abbott) and spectrophotometric analysis (Architect, Abbott) and (2) IL-6 using a high-sensitivity enzyme-linked immunosorbent assay (Quantikine human IL-6 kit, R&D Systems) and spectrophotometric analysis (Freedom EVOlyzer, Tecan Group Ltd). All laboratory measurements were performed blinded to treatment allocation and clinical events.

Statistical analysis {#ss5}
--------------------

The analysis set comprised all subjects who were randomly assigned to a treatment group and received at least one dose of study medication (safety population). Fisher's exact test was used to compare proportions of pulmonary and sepsis AEs between treatment groups. The time from randomization to pulmonary AE and death following pulmonary AE, respectively, were described with cumulative Kaplan--Meier curves and analysed with Cox proportional hazards model with treatment group (ticagrelor or clopidogrel) as independent variable.

Baseline characteristics and procedures in hospital or at discharge were presented by treatment group for patients with and without pulmonary AEs. Continuous variables were measured as median and interquartile interval and categorical variables as frequency and rate (%). To assess the association between baseline factors and the rate of pulmonary AEs as well as death following these AEs, multivariable logistic regression with the baseline factors and randomized treatment group were performed. *p* Values and odds ratios (not present vs. present for binary factors; per unit increase for continuous factors) for the influence of baseline factor on the risk of pulmonary AE and subsequent mortality were calculated. Subgroup analyses of on-treatment pulmonary AEs were performed with logistic regression with treatment group, subgroup factor and their interaction as independent variables. *p* Values for the subgroup-by-treatment group interaction test and odds ratios (ticagrelor vs. clopidogrel) for the risk of on-treatment pulmonary AE were calculated (assessing whether the treatment group difference depended on patient's subgroup). We used logistic regression for the subgroup analyses as a robust alternative to the Cox model considering the low event rates and the proportional hazard assumption in the Cox model. However, in general the two models gave similar results and conclusions were not altered. Baseline characteristics of those with and without subsequent pulmonary AE are presented descriptively only since the AE was a post-randomisation variable.

The leukocyte counts (total leukocyte and neutrophil counts), C-reactive protein and interleukin-6 were compared between treatments using analysis of covariance (ANCOVA) with the baseline value and treatment group as independent variables. The values were transformed with the natural logarithmic function before analysis due to skew distributions. Hence, model-adjusted (baseline value-adjusted) estimates of treatment group differences were provided as ratios of geometric means. The mean individual change in leukocyte and differential neutrophil counts following discontinuation of study drug were analysed with Wilcoxon's signed rank test. Subsets of patients were analysed according to whether or not investigators planned transition to open-label clopidogrel after discontinuation of study medication. Cox proportional hazards model was used to assess the relationship between quartile of WBC count at 1 month and subsequent clinical outcomes, with treatment group as an independent variable.

No correction was performed for multiple analyses and *p* values of less than 5% were considered to be nominally significant and exploratory in nature. 95% CI were calculated where appropriate. All hypotheses tests were two-sided. All analyses were done with SAS software (version 9.3, SAS Institute, Cary, NC).

Results {#ss6}
=======

Pulmonary and sepsis AEs and associated mortality {#ss7}
-------------------------------------------------

Pulmonary and sepsis AEs were determined in 9235 patients receiving at least one dose of ticagrelor and 9186 patients receiving at least one dose of clopidogrel ([Table I](#t1){ref-type="table"} and [Supplement Table IA](#s1){ref-type="supplementary-material"}). Fewer pulmonary AEs were seen within 7 days of study medication ("on-treatment") in the ticagrelor group compared to the clopidogrel group and there were fewer deaths following pulmonary AEs in the ticagrelor group, with all of the difference accounted for by deaths following on-treatment pulmonary AEs ([Table I](#t1){ref-type="table"} and [Figure 1](#f1){ref-type="fig"}). There were also fewer deaths attributed to sepsis in the ticagrelor group, including fewer deaths attributed to sepsis following a pulmonary AE ([Table I](#t1){ref-type="table"}). Approximately one-third of pulmonary and sepsis AEs occurred in patients who underwent CABG surgery at any time in the study and similar trends in AE rates and associated mortality were seen in those who either did not or did have CABG surgery ([Supplement Table IB](#s1){ref-type="supplementary-material"}). Deaths following pulmonary or sepsis AEs that were adjudicated as both "cardiovascular" and "non-cardiovascular" contributed to the differences between the treatment groups ([Supplement Table IC](#s1){ref-type="supplementary-material"}). There were fewer subsequent pulmonary or sepsis AEs following a pulmonary AE with "continuing medication," and fewer deaths following these recurrent AE, in the ticagrelor group ([Table I](#t1){ref-type="table"}). There were no significant differences between the treatment groups in the numbers of sepsis AEs that did not follow a pulmonary AE ([Supplement Table ID](#s1){ref-type="supplementary-material"}). Figure 1.Cumulative Kaplan--Meier estimates of (A) time to pulmonary AE on-treatment and (B) the time to death following pulmonary AE on-treatment, out of all randomized patients who received at least one dose of study medication, comparing treatment with ticagrelor ("T", *N* = 9235) and clopidogrel ("C", *N* = 9186). *p* Values and odds ratio (OR) are from multivariable logistic regression for modelling the probability of the event using treatment group and baseline factors (gender, age, weight, asthma, chronic obstructive pulmonary disease, diabetes, smoker, congestive heart failure, chronic renal disease, peripheral arterial disease and clopidogrel pre-randomization) as independent variables. CI = confidence intervals. Table I.Incidence of pulmonary and sepsis AEs and associated mortality according to treatment group.Event and relationship to study medication ("on-treatment" means within 7 days of last dose; "continuing medication" means dose given on third day after onset of AE; 'after' means occurring after onset of the AE)Ticagrelor, 90 mg bdClopidogrel, 75 mg od*n* = 9235*n* = 9186Patients with events, *n* (%)Patients with events, *n* (%)*p* ValuesPulmonary AE369 (4.0)390 (4.2)0.394Death after pulmonary AE47 (0.5)84 (0.9)0.001Pulmonary AE on-treatment275 (3.0)331 (3.6)0.019Death after pulmonary AE on-treatment33 (0.4)71 (0.8)\<0.001Death after pulmonary AE with continuing medication10 (0.1)43 (0.5)\<0.001Death on-treatment after pulmonary AE21 (0.2)42 (0.5)0.008Sepsis AE50 (0.5)57 (0.6)0.499Death attributed to sepsis by investigator7 (0.1)23 (0.3)0.003Sepsis AE on-treatment38 (0.4)44 (0.5)0.509Pulmonary or sepsis AE405 (4.4)420 (4.6)0.545Death after pulmonary or sepsis AE60 (0.6)97 (1.1)0.003Pulmonary or sepsis AE on-treatment307 (3.3)358 (3.9)0.040Death on-treatment after pulmonary or sepsis AE28 (0.3)46 (0.5)0.036Death attributed to sepsis after pulmonary AE1 (0.0)11 (0.1)0.003Death attributed to sepsis after pulmonary AE on-treatment1 (0.0)10 (0.1)0.006Sepsis AE after pulmonary AE on-treatment8 (0.1)19 (0.2)0.035Death attributed to sepsis after pulmonary AE with continuing medication0 (0.0)7 (0.1)0.008Pulmonary AE after pulmonary AE with continuing medication16 (0.2)42 (0.5)\<0.001Sepsis AE after pulmonary AE with continuing medication0 (0)13 (0.1)\<0.001Pulmonary or sepsis AE after pulmonary AE with continuing medication16 (0.2)52 (0.6)\<0.001Death following pulmonary or sepsis AE after pulmonary AE with continuing medication1 (0.0)20 (0.2)\<0.001[^1]

Patients with pulmonary AEs in the ticagrelor group tended to be slightly younger (67 vs. 69 years) and heavier (80 vs. 76 kg) compared to those with pulmonary AEs in the clopidogrel group ([Table II](#t2){ref-type="table"}). For comparison of the rates of on-treatment pulmonary AE between the treatment groups, there were significant interactions noted for lower body weight (less than 80 kg) and, to a lesser extent, gender and age, and the most marked difference occurred in those with weight less than 60 kg ([Table III](#t3){ref-type="table"}). Multivariable analysis showed that these interactions were attributable to higher age, female gender and co-morbid conditions ([Supplement Table II](#s1){ref-type="supplementary-material"}). Patients with a history of asthma and chronic obstructive pulmonary disease had greater risk of pulmonary AE but similarly reduced incidences of these AE in the ticagrelor group as those without such a history. The reduced mortality observed in the ticagrelor group following on-treatment pulmonary AE remained significant after adjustment for baseline factors ([Figure 1](#f1){ref-type="fig"}, [Supplement Table III](#s1){ref-type="supplementary-material"}). Table II.Baseline and other characteristics of patients with pulmonary AEs according to treatment group.Patients with pulmonary AEsPatients without pulmonary AEsCharacteristicTicagrelor, *n* = 369Clopidogrel, *n* = 390Ticagrelor, *n* = 8866Clopidogrel, *n* = 8796Baseline characteristics Age, years, median (Q1--Q3)67 (60--75)69 (61--76)62 (54--70)62 (54--70) Female, *n* (%)91 (24.7)115 (29.5)2543 (28.7)2488 (28.3) Weight, kg, median (Q1--Q3)80 (70--90)76 (67--87)80 (70--90)80 (70--90) Race Caucasian, *n* (%)340 (92.1)343 (87.9)8139 (91.8)8077 (91.8) Habitual smoker, *n* (%)120 (32.5)111 (28.5)3207 (36.2)3175 (36.1) Diabetes mellitus, *n* (%)124 (33.6)132 (33.8)2181 (24.6)2184 (24.8) Congestive heart failure, *n* (%)36 (9.8)44 (11.3)471 (5.3)490 (5.6) Non-haemorrhagic stroke, *n* (%)13 (3.5)34 (8.7)335 (3.8)328 (3.7) Peripheral arterial disease, *n* (%)36 (9.8)48 (12.3)523 (5.9)521 (5.9) Chronic renal disease, *n* (%)41 (11.1)39 (10.0)332 (3.7)363 (4.1)Final diagnosis ST-elevation MI, *n* (%)124 (33.6)145 (37.2)3357 (37.9)3360 (38.2) Non ST-elevation MI, *n* (%)197 (53.4)188 (48.2)3772 (42.6)3726 (42.4) Unstable angina/other, *n* (%)48 (13.0)57 (14.6)1490 (16.8)1508 (17.2)Revascularisation Primary PCI for ST-elevation MI, *n* (%)88 (23.8)102 (26.2)2658 (30.0)2681 (30.5) Other PCI before discharge for index event, *n* (%)97 (26.3)95 (24.4)2832 (31.9)2779 (31.6) CABG pre-discharge, *n* (%)77 (20.9)78 (20.0)388 (4.4)422 (4.8)Other management No clopidogrel prior to randomisation, *n* (%)200 (54.2)216 (55.4)5158 (58.2)5117 (58.2) Premature study drug discontinuation, *n* (%)161 (43.6)161 (41.3)2025 (22.8)1836 (20.9) Table III.Rates and odds ratios for on-treatment pulmonary AEs in subgroups of patients according to baseline characteristics.TicagrelorClopidogrelVariable*n*Patients with events (%)*n*Patients with events (%)OR (95% CI)*p* Value interactionGender0.039 Male6601211 (3.2)6583230 (3.5)0.91 (0.75--1.10) Female263464 (2.4)2603101 (3.9)0.62 (0.45--0.85)Age0.027 \<65 years5252121 (2.3)5276119 (2.3)1.02 (0.79--1.32) ≥65 years3982154 (3.9)3910212 (5.4)0.70 (0.57--0.87)Weight (1)0.007 \<60 kg64416 (2.5)65241 (6.3)0.38 (0.21--0.68) ≥60 kg8573259 (3.0)8513290 (3.4)0.88 (0.74--1.05)Weight (2)0.004 \<80 kg4473128 (2.9)4486194 (4.3)0.65 (0.52--0.82) ≥80 kg4744147 (3.1)4679137 (2.9)1.06 (0.84--1.34)Diabetes0.892 No6930184 (2.7)6870219 (3.2)0.83 (0.68--1.01) Yes230591 (3.9)2316112 (4.8)0.81 (0.61--1.07)COPD0.822 No8683241 (2.8)8665294 (3.4)0.81 (0.68--0.97) Yes55034 (6.2)52137 (7.1)0.86 (0.53--1.40)CHF0.990 No8726249 (2.9)8652298 (3.4)0.82 (0.69--0.98) Yes50726 (5.1)53433 (6.2)0.82 (0.48--1.39)Asthma0.836 No8972258 (2.9)8927312 (3.5)0.82 (0.69--0.97) Yes26117 (6.5)25919 (7.3)0.88 (0.45--1.73)Chronic renal disease0.827 No8860248 (2.8)8784298 (3.4)0.82 (0.69--0.97) Yes37327 (7.2)40233 (8.2)0.87 (0.51--1.48)[^2]

Leukocyte counts {#ss8}
----------------

Central-laboratory leukocyte counts were available for 4121 and 4093 patients in the ticagrelor and clopidogrel groups, respectively, at baseline and a subset of these at later time points. There were no relevant differences at randomisation or at 1, 3 and 6 months in the rare incidences of leukopaenia or neutropaenia defined as total leukocyte or differential neutrophil counts below the lower reference range limits, respectively ([Supplement Table IV](#s1){ref-type="supplementary-material"}). However, despite no difference in baseline counts, the mean leukocyte and neutrophil counts in the ticagrelor group were significantly higher than those in the clopidogrel group during treatment at 1, 3 and 6 months, with resolution of these differences at 1 month after discontinuation of study medication ([Table IV](#t4){ref-type="table"}). Data from patients with paired 6-month and follow-up data showed that this resolution was associated with significant fall in the mean neutrophil count in the ticagrelor group and significant increases in the mean leukocyte and neutrophil counts in the clopidogrel group after discontinuation of study medication ([Table V](#t5){ref-type="table"}). For patients who had received study medication within 7 days of blood sampling, analysis of the subset of patients who transitioned to open-label clopidogrel after study medication discontinuation showed significant falls in mean total leukocyte and neutrophil counts in the ticagrelor group but no changes in the clopidogrel group, whereas in the subset of patients not transitioning to open-label clopidogrel, there was only a significant fall in neutrophil count in the ticagrelor group in contrast to significant rises in leukocyte and neutrophil counts in the clopidogrel group ([Table V](#t5){ref-type="table"}). To assess whether subtle reductions in neutrophil counts contributed to subsequent infection risk, landmark analysis was performed for pulmonary or sepsis AEs after 1 month of treatment in patients with leukocyte counts in the lowest quartile at 1 month and showed no evidence of increased risk in these patients (data not shown). Table IV.Total leukocyte and differential neutrophil counts during the study according to treatment group.TicagrelorClopidogrel*n*Mean (SD)Geo. mean*n*Mean (SD)Geo. meanRatio of geo. means (95% CI)*p* ValueTotal leukocyte counts × 10^9^/l Randomisation41219.65 (3.38)40939.63 (3.31) 1 month37777.67 (2.23)7.4037887.27 (2.10)7.021.05 (1.04--1.07)\<0.0001 3 month33467.59 (2.19)7.3433727.28 (1.99)7.051.04 (1.03--1.05)\<0.0001 6 months27287.48 (1.97)7.2326707.21 (2.02)6.971.04 (1.03--1.05)\<0.0001 1 month post discontinuation23597.48 (2.81)7.2023767.53 (2.18)7.270.99 (0.98--1.00)0.141Neutrophil count × 10^9^/l Randomisation39257.05 (3.10)39197.05 (3.05) 1 month35635.01 (1.67)4.7635834.66 (1.63)4.411.08 (1.06--1.10)\<0.0001 3 month31554.85 (1.63)4.6031884.57 (1.50)4.351.06 (1.04--1.07)\<0.0001 6 months25604.79 (1.57)4.5525254.53 (1.47)4.301.06 (1.04--1.07)\<0.0001 1 month post discontinuation22424.65 (1.63)4.4022524.74 (1.68)4.490.98 (0.96--1.00)0.044[^3] Table V.Mean individual change in leukocyte and differential neutrophil counts following discontinuation of study medication according to treatment group.Total leukocyte countNeutrophil countTicagrelor 90 mg bdClopidogrel 75 mg odTicagrelor 90 mg bdClopidogrel75 mg odAll safety population with available data*n* = 1927*n* = 1916*n* = 1797*n* = 1800 Count at 6 months × 10^9^/l (SD)7.48 (1.95)7.23 (1.95)4.79 (1.55)4.53 (1.41) Count at 1 month post discontinuation × 10^9^/l (SD)7.43 (1.98)7.50 (2.20)4.63 (1.59)4.69 (1.54) *Difference between counts × 10^9^*/l *(SD)−0.05 (1.53)0.28 (1.54)−0.15 (1.36)0.16 (1.32)* *p* Value for difference0.055\<0.0001\<0.0001\<0.0001Subset with on-treatment sample at 6 months and transition to open-label clopidogrel*n* = 362*n* = 380*n* = 342*n* = 363 Count at 6 months × 10^9^/l (SD)7.61 (2.12)7.26 (1.87)4.96 (1.69)4.54 (1.45) Count at 1 month post discontinuation × 10^9^/l (SD)7.25 (1.96)7.34 (1.84)4.62 (1.74)4.62 (1.45) *Difference between counts × 10^9^*/l *(SD)−0.35 (1.69)0.08 (1.29)−0.34 (1.45)0.08 (1.19)* *p* value for difference0.00010.182\< 0.00010.224Subset of patients with on-treatment sample at 6 months, no transition to open-label clopidogrel*n* = 1516*n* = 1494*n* = 1410*n* = 1397 Count at 6 months × 10^9^/l (SD)7.47 (1.92)7.23 (1.97)4.76 (1.52)4.53 (1.40) Count at 1 month post discontinuation × 10^9^/l (SD)7.49 (2.60)7.55 (2.28)4.65 (1.56)4.71 (1.56) *Difference between counts × 10^9^*/l *(SD)0.02 (1.48)0.33 (1.59)−0.11 (1.33)0.18 (1.35)* *p* Value for difference0.896\<0.0001\<0.0001\<0.0001[^4]

C-reactive protein and interleukin-6 {#ss9}
------------------------------------

The increase in the plasma levels of the inflammation biomarkers C-reactive protein and interleukin-6 from randomisation levels in the acute stage was larger in the ticagrelor group compared to the clopidogrel group. There were however no differences in C-reactive protein levels between the treatment groups at 1 and 6 months follow-up or in interleukin-6 levels at 6 months ([Table VI](#t6){ref-type="table"}). Table VI.C-reactive protein and interleukin-6 levels at randomisation, at discharge and after 1 and 6 months according to treatment group.TicagrelorClopidogrel*n*Mean (SD)Geo. mean*n*Mean (SD)Geo. meanRatio of geo. means (95% CI)*p* ValueC-reactive protein (mg/l) Randomisation213310.9 (24.7)216311.0 (25.1) Discharge212028.0 (38.0)13.7214826.1 (36.6)12.11.13 (1.06--1.21)0.0004* Change from randomisation212017.2 (37.0)214815.2 (35.1)*1 month19895.3 (11.2)2.520155.3 (11.2)2.41.03 (0.97--1.10)0.370* Change from randomisation1989−5.3 (25.2)2015−5.4 (25.9)*6 months9333.9 (6.7)2.19934.4 (9.8)2.01.05 (0.95--1.15)0.338* Change from randomisation933−6.4 (25.3)993−7.1 (28.4)*Interleukin-6 (ng/l) Randomisation20025.0 (4.3)20384.8 (4.1) Discharge19907.0 (4.5)5.420266.4 (4.4)4.91.10 (1.05--1.15)\<0.0001* Change from randomisation19901.9 (4.8)20261.6 (4.8)*1 month19893.4 (3.3)2.420133.1 (3.0)2.31.06 (1.01--1.11)0.015* Change from randomisation1989−1.7 (4.6)2013−1.7 (4.4)*  6 months9332.9 (2.7)2.29932.9 (2.7)2.11.02 (0.96--1.08)0.573* Change from randomisation933−2.1 (4.5)993−2.1 (4.4)*[^5]

Discussion {#ss10}
==========

In this *post hoc* analysis of factors associated with the differences in mortality rates between the ticagrelor and clopidogrel groups in the PLATO study, more deaths were observed in the clopidogrel group following pulmonary AE as well as sepsis events. The lower rate of pulmonary AE during treatment with ticagrelor compared to clopidogrel is in contrast to the higher rates of dyspnoea that occur during ticagrelor therapy as a consequence of ticagrelor-related dyspnoea \[[@b14], [@b15]\] and it is possible that some of the reported pulmonary AE in the ticagrelor group were partly or wholly related to this rather than infection, which could explain the small differences in age and weight between the pulmonary AE cohorts as well as some of the mortality differences. However, if this hypothesis is correct then it implies an even more significant reduction in the incidence of true pulmonary AE during treatment with ticagrelor than the reduction observed in this analysis. Furthermore, there was a nominally significant reduction in deaths attributed to sepsis with ticagrelor compared to clopidogrel therapy in the entire trial cohort regardless of the observations on pulmonary AE.

Platelets are recognised to play a role in innate immunity \[[@b16]\]. Platelet activation in sepsis may contribute to organ dysfunction \[[@b17]\], so it is possible that the greater platelet inhibition with ticagrelor compared to clopidogrel contributed to reduced deaths associated with pulmonary AE and sepsis. Preclinical and observational studies have suggested that clopidogrel may have a protective effect during sepsis \[[@b20], [@b21]\] and additionally a preclinical study has shown ticagrelor to reduce lung injury during sepsis \[[@b22]\]. On the other hand, large clinical studies of clopidogrel compared to placebo and prasugrel compared to clopidogrel have not reported any differences in deaths following pulmonary AEs or sepsis despite differences in platelet inhibition between the treatment groups and have also not shown significant differences in total mortality except related to early reductions in cardiovascular mortality in patients with ST-elevation myocardial infarction \[[@b23]\], so other mechanisms for the mortality benefit of ticagrelor compared to clopidogrel should be strongly considered.

In conjunction with the observations on pulmonary and sepsis AE and associated mortality, we observed differences in inflammatory marker responses in the ticagrelor and clopidogrel groups that were apparent at hospital discharge, according to plasma C-reactive protein and interleukin-6 levels, and sustained throughout the course of treatment, according to leukocyte counts and interleukin-6 levels. This represents a paradoxical finding in view of the previous evidence that higher levels of these inflammatory markers are associated with higher mortality in ACS patients rather than the lower mortality that was observed with ticagrelor compared to clopidogrel in PLATO. There were, however, no differences in the incidence of clinical neutropaenia between the treatment groups to explain a potential difference in susceptibility to bacterial infection. Although these collected observations do not prove any causal link between the subtle differences in inflammatory responses and the different rates of mortality following pulmonary events and associated lung injury, they contribute to a hypothesis that the lower mortality associated with ticagrelor compared to clopidogrel in ACS patients may be partly due to effects of one or both drugs on host defence pathways in the lung and/or mechanisms of lung injury and support further work in this area.

The finding of higher inflammatory markers associated with ticagrelor compared to clopidogrel therapy is unlikely to be explained by the more potent P2Y~12~ inhibition achieved by ticagrelor in ACS patients \[[@b3]\] since the P2Y~12~ receptor contributes to the vascular inflammation associated with platelet activation \[[@b6]\] and so greater P2Y~12~ inhibition may be anticipated to have a greater anti-inflammatory effect. Potent platelet inhibition with abciximab at the time of percutaneous coronary intervention has previously been shown to reduce subsequent inflammatory response \[[@b27]\]. This raises the hypothesis that mechanisms unrelated to P2Y~12~ inhibition explain the differences in inflammatory markers. Ticagrelor belongs to a different chemical class to the thienopyridines clopidogrel and prasugrel; unlike these thienopyridines, ticagrelor is an inhibitor of adenosine reuptake by erythrocytes and other cells and has been shown to augment the vascular response to infused adenosine \[[@b2], [@b28]\]. It has been speculated, but not yet proven, that this might explain the increased incidence of dyspnoea as well as sinoatrial pauses related to ticagrelor therapy \[[@b14], [@b15], [@b29]\]. Adenosine is involved in some inflammatory responses and, at low concentrations, may promote neutrophil chemotaxis and phagocytosis \[[@b30]\]. Some studies have shown potential for adenosine to reduce pulmonary injury \[[@b7]\]. Thus, it is possible that ticagrelor could modulate susceptibility to serious bacterial infection and lung injury through its impact on adenosine metabolism. Further studies are warranted to explore this hypothesis.

An alternative or additional explanation for the differences in inflammatory markers and infection-related deaths in PLATO is an immunosuppressant effect of clopidogrel. It is well recognised that clopidogrel is rarely associated with haematological disorders \[[@b31]\]. However, we did not see any differences in absolute leukopaenia or neutropaenia that would support this hypothesis. On the other hand, there was a slight but significant rise in the neutrophil count at 1 month after cessation of study medication in the clopidogrel group (in contrast to a slight fall in this count in the ticagrelor group), which seemed to be accounted for by the subgroup of patients who did not transition to open-label clopidogrel suggesting that clopidogrel at least has a weak quantitative effect on neutrophils *in vivo*. The clinical evidence regarding any link between clopidogrel and bacterial infection is conflicting. In contrast to studies cited above suggesting potential beneficial effects of clopidogrel in sepsis, one study has reported an increased risk of infection and numerically higher mortality rates in patients treated with aspirin plus clopidogrel undergoing CABG surgery compared to those treated with aspirin alone \[[@b32]\]. However, there have been no such reports in randomised, controlled trials of clopidogrel compared to placebo. On the other hand, in a separate analysis of the causes of death following CABG surgery in PLATO patients who received study medication within seven days of surgery, we have found an excess of deaths in the clopidogrel group where infection appeared to be the cause or a contributory factor \[[@b33]\]. More recently, an observational study has suggested that clopidogrel may increase the incidence of community-acquired pneumonia, but not the severity or associated mortality, compared to patients not exposed to clopidogrel \[[@b34]\].

Limitations {#ss11}
-----------

Our analysis of pulmonary and sepsis AEs was *post hoc* and therefore susceptible to bias so the findings should be considered hypothesis-generating and the *p* values, as stated in the Methods section, are exploratory in nature. Furthermore, the presentation of the AE data alongside data on the inflammatory markers is intended to stimulate avenues of future research and not suggest a definite mechanistic link between the observations. Pulmonary and sepsis AEs were reported by investigators and not independently adjudicated.

Conclusions {#ss12}
===========

Overall, our findings suggest that the all-cause mortality reduction seen with ticagrelor compared to clopidogrel may be partly explained by differential effects on the responses to pulmonary events and sepsis, particularly in patients who continue ticagrelor or clopidogrel after onset of a pulmonary AE. These results point to the need for further research into the effects of different P2Y~12~ inhibitors on host defence mechanisms and lung injury.
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###### 

Click here for additional data file.

[^1]: *p* Values are from Fisher's exact test. Combined pulmonary or sepsis AE assess first event of either AE.

[^2]: COPD, chronic obstructive pulmonary disease; CHF, congestive heart failure.

    *p* Values and odds ratios (OR) with 95% confidence intervals (CI) derived from logistic regression.

[^3]: *p* values and ratio of geometric ("Geo.") means (95% confidence interval) are derived from analysis of covariance.

    SD, standard deviation.

[^4]: *p* Values from Wilcoxon's signed rank test.

    SD, standard deviation. Subsets exclude patients without documented transition plan.

[^5]: *p* values and ratio of geometric ("Geo.") means (95% confidence interval) are derived from analysis of covariance.

    SD, standard deviation.
